Introduction
Diverse HIV-1 and HIV-2 isolates infect in vitro many transformed cell lines which have been shown to be CD4by immunofluorescence, immunocytochemistry, CD4 mRNA expression on northern blot, and by functional assays. The cell lines in question include non-immunologically active cells of glial, muscle, fibroblast, epithelial and colonic origin (Adachi et aI., 1987; Clapham et el., 1989; Harouse et al., 1989 , Tateno et al., 1989 Weber et aI., 1989; Keys et a/., 1991; Zachar et aI., 1991) . Entry of HIV into these CD4-cells can be blocked by human anti-HIV polyclonal neutralizing antibody. However, unlike entry of HIV into CD4+ cells, entry into CD4-cells cannot be blocked by soluble recombinant CD4, nor by anti-CD4 monoclonal antibody (Clapham et el., 1989; .
Previous studies have shown that CD4 transfected into CD4-squamous carcinoma cell lines, render these cell lines highly susceptible to HIVentry (Maddon et al., 1986) , unlike murine cells which when transfected with human CD4 remain refractory to infection following virus binding to the cell surface. This suggests that additional component(s) necessary for HIV entry may be widespread on human cells, but not present on cells of non-human origin. Dextrin sulphate, a new linear chain polysaccharide sulphated at the 2' or 6' position, in common with other molecules of its type, inhibits replication of HIV-1 in CD4+ cells and shows no cytotoxicity at concentrations which inhibited viral replication (McClure et al., 1991) . It has also been shown to block infection of TE671 cells (McClure et al., 1992) . We have considered the action 'of dextrin sulphate in blocking HIVinfection on an extended range of CD4-cell lines, and its effect on the same cell lines after transfection with the CD4 gene. We have also biologically cloned the CD4-cell lines by limiting dilution to select and characterize those cells which are more susceptible to HIV entry and replication. Furthermore, we have applied a quantitative DNA polymerase chain reaction (PCR) amplification assay in order to study the number of proviral DNA copies per cell, in the presence and absence of CD4 and of inhibitor molecules.
Results
We attempted to subclone from the CD4-cell lines U251SP and TE671 a sub-population enriched for their susceptibility to HIV-1 entry and replication. This was compared to the parent lines by assaying p24 core antigen production in the culture supernatant and confirmed by PCR amplification of proviral DNA in the cell pellets (data not shown). We found that the subclones HH51 and HH24 were not significantly more susceptible to infection than were their parental lines. These cells contained 2000 or more copies of provirus per 10 5 monolayer cells (a ratio of > 1 infected cell: 50 cells) 16-20h post infection, as assessed by semi quantitative PCR and dot-blot hybridization. Infection of these cell lines was blocked by Leu3a (1 :2500 ascites). Similarly treated CD4-cell lines did not produce detectable levels of p24 in culture supernatants. However, virus could be recovered by cocultivation with C8166 cells, syncytia was observed after 7-10 days and p24 was detected in supernatants from these cultures (Table 1) . Infected monolayer cultures contained typically 16-80 copies of provirus per 10 5 cells (a ratio of 1 infected cell per 1250-6250 cells). Infection of these cells was not blocked by Leu3a.
It was surprising that U251SP-CD4 cells were no more sensitive to infection than the CD4-parent cell line, although the cells clearly expressed CD4 (immunofluorescence not shown). A similar phenomenon has been observed with the SCL1 and U87 cell lines (Cheseboro et aI., 1990) . Neither Cos cells nor U87 cells were susceptible to HIV-1 infection, in our hands, even when transfected with the CD4 gene. Infection of susceptible CD4-cell lines and their CD4+ derivatives was blocked by dextrin sulphate at a concentration of 100 J.Lg ml"" (Table1, Fig. 1 ). Virus could not be rescued from cells pretreated with drug prior to infection, and provirus was not detectable by PCR.
The effect of dextrin sulphate and srCD4 combined was examined on CD4+ 'l-cells (Table 2) . Dextrin sulphate inhibited syncytium formation at 5 J.Lg rnr' and srCD4 at 6 J.Lg mt". Dextrin sulphate, at sub-inhibitory concentrations (1.5-2.5 J.Lg mr"), potentiated the inhibitory effect of srCD4. Complete inhibition of syncytium formation could be achieved using only 0.05 J.Lg mr' of srCD4, a 100-fold decrease in the amount required to inhibit infection using srCD4 alone.
We investigated dextrin sulphate inhibition of CD4 independent infection by HIV-1 I11b (Table 1 , Fig. 1 ). CD4+ cell lines were derived from the CD4-parental lines as described in 'Materials and Experimental procedures'. Expression of CD4 was confirmed by immunofluorescence (data not shown). HeLa-CD4 and TE671-CD4 behaved similarly to the adherent CD4+ T-cell line (CEM CCRF) in terms of susceptibility to infection. Following infection and passage, p24 antigen could be detected in the culture supernatants and cocultivation with uninfected C8166 cells resulted in syncytia formation within 48-72h.
Cells were pre-blocked with medium (row 2), Leu3a (1:2500 ascites; row 3) or dextrin sulphate (100jJ.g rnr': row 4) and uninfected cells were used as negative controls (row 1) as described in the text. I: CD4-cell lines (A) U87MG, (B) U251SP, (C) RDffE671, (D) HeLa.lI: CD4+ cells lines (E) U251SP-CD4, (F) RDffE671-CD4, (G) HeLa-CD4, (H) CEM CCRF. III: Signal intensities were compared with those obtained from indicated numbers of 8E5/LAV cells in uninfected H9 cells.
Experimental details: Method sections 6 and 7.
(i) 
Experimental details: Methods section 6. 1: Approximate number of provirus copies per 10 5 cells as determined by PCR, see Methods section 7.
2: p24 from co-cultivations with C8166 cells (pg rnr'). 3: p24 from monolayer cells only (pg mr').
4: Syncytium formation in cocultivations with C8166 cells, time (days) taken for syncytia to appear. 
Discussion
Dextrin sulphate inhibited HIV-1 infection of diverse cell lines, irrespective of CD4 expression. This could be due to interactions with cellular or viral components. Subcloning of U251SP and TE671 cells failed to yield cell lines which were more sensitive to HIV infection. Although p24 antigen was detected earlier in the cloned cell lines (probably due to the difterence in replication rate), proviral DNA quantitlcatlon by' PCR suggests that the proportion of HIV-1 infected cell's'was no different from that in the parental line. This observation is contrary to the findings of Keys et aI., 1991 who subcloned U138MG lines with enhanced susceptibility. However, it has been previously shown that U138MG cells contain a low level of CD4 mRNA (Weber et aI., 1989) . Since the authors did not confirm the CD4 independence of infection, it cannot be excluded that a U138MG subpopulation with enhanced CD4 expression was subcloned in these experiments. Since there was no evidence that a small sub-population of highly susceptible TE671 or U251 SP cells existed within the parental population, it may be that HIV infection of CD4-cells is a random event through a low affinity mechanism present on many human cells.
As expected, infection of HeLa and TE671 cells was markedly enhanced by CD4 transfection. Interestingly, CD4-independent entry was not detectable in these cells as Leu3a completely blocked infection of these cell Jines. Thus, whatever cell surface molecules mediate CD4 independent entry are not independently functional when CD4 is expressed. This could be explained by a close spatial relationship between CD4 and additional entry molecule(s) present on these cell lines. Although U251SP cells are susceptible to HIV infection via the CD4independent pathway, they show no apparent increase in susceptibility to infection when CD4 is expressed. Chesebro et al., 1990 have observed similar phenomena with U87MG and SCL1 cell lines. It is conceivable that CD4 independent entry occurs by two distinct mechanisms: either, by an entry route which is enhanced by transfection of CD4 and could involve molecules that interact WithCD4 and expressed on cell lines such as TE671 and HeLa,or by CD4 independent HIV-1 entry 175 a route that is not enhanced by CD4 transfection and involves molecules that are functionally independent of CD4 and present on cell lines such as U251SP, U87MG and SCL1. However, we have been unable to show conclusively whether or not infection of U251SP-CD4 cells proceeds by a CD4 dependent or independent route, as Leu3a blocks infection inconsistently. It may be that this entry-mediating molecule interacts with CD4 without enhancement of infection. Thus, Leu3a could block by stearic hinderance of virus envelope interactions with this molecule.
Since dextrin sulphate appears to act independently of the CD4-gp120 interaction we were interested in the effect of combining DS with srCD4. Sub-inhibitory concentrations of DS potentiated the inhibitory effect of srCD4, resulting in a 10-100 fold decrease in the amount of srCD4 required to achieve infection inhibition. This may circumstantially support a close spatial relationship between CD4 and accessory molecules.
These results reflect important aspects of HIVentry, and in particular the quantification of CD4-independent entry and the role of CD4 transfection. Investigations into the mode of action of sulphated polysaccharides have yielded conflicting results. One investigator describes the inhibition of binding of rgp120 to srCD4 by dextran sulphate at a concentration of 10 fLM (Lederman et al., 1989) . Another observed inhibition of binding by dextran sulphate of mAbs to the V3 loop of HIV-1 gp-120 (maximal at concentrations >1 fL9 ml-1 ) and no effect on gp120 CD4 binding below 1mg mr' (Callahan etal., 1991) . While our studies do not rule out disruption of the gp120-CD4 interaction as a possible mode of action for dextrin sulphate, HIV entry via the lower efficiency CD4 independent pathway was also blocked. Thus, we conclude that molecules other than CD4 are required for HIV-1 entry and interaction between these molecules and the virus envelope are blocked by dextrin sulphate.
Materials and Experimental procedures 1 Cells
The HeLa cell lines were obtained from the MRC AIDS Directed Programme (MRC ADP).The CD4-cell lines TE671 (known as RD, Stratton et al., 1989) derived initially from a human rhabdomyosarcoma (McAllister et al., 1977) . The two malignant glioma-derived cells lines, U251SP and U87MG were obtained from S Westermark, Uppsala (Westermark et al., 1973) . All were maintained as monolayer cultures in DMEM supplemented with 10% fetal calf serum, 250U rnr ' penicillin and 250JLg mr ' streptomycin.
The CD4+ T-cell lines C8166, and adherent CEM CCRF cells were maintained in RPMI supplemented as above. The monkey kidney cell line, COS was grown in OMEM supplemented with 10% newborn calf serum, 0.5 JLg rnl" amphotericin S, 0.5 JLg ml" gentamycin and 2.5mM glutamine.
Viruses
HIV-1 isolate HIV-1/HTLV-IIIB was obtained from the MRC ADP and propagated in H9 cells; virus supernatant was clarified by centrifugation at 500g for 10min.
For PCR virus stocks were filtered through a 0.2 prn filter and treated with RNAse free DNAse I (Promega) in the presence of 10mM MgCI 2 for 1h at 3rC prior to infection of cell lines. This treatment had no effect on virus titre.
Compounds
Dextrin SUlphate was prepared as previously described (McClure et al., 1991) .
Generation of CD4+ eel/lines
PA317 cells transfected with a murine retroviral vector containing the human CD4 gene and a neomycin resistance gene were obtained from the MRC ADP. Supernatant from this culture was clarified by centrifugation and used to infect the TE671 and U251SP cells. After selection in medium containing G418, expression of CD4 on resistant cell lines was confirmed by immunofluorescence using the Leu3a monoclonal antibody to CD4.
Derivation and examination of U251SP and TE671 subckmes
Subclones of U251SP and TE671 cells were derived by limiting dilution. Following overnight infection with 10 4 TCID mr' HIV-1 I11 b the cultures were washed (twice with PBS/2% FCS, once with trypsin/EDTA and once with medium) and replated. After 24 h and a further wash in medium the cultures were cocultivated with 2 x 10 5 C8166 cells and syncytium formation recorded daily, for 10 days. One subclone of each cell line was chosen on the basis of which produced syncytia earliest in C8166 cells. Two such subclones were U251SP/HH51 and TE671/HH24. These were shown to be CD4-by immunofluorescence (data not shown).
The two subclones were then compared to their respective parental lines. Cells were seeded in 6-well trays at 5 x 10 5 cells per well, using CEM CCRF and COS cells as controls. The following day cultures were infected with 10 5 , 10 4 , 10 3 , 10 2 or 0 TCID mr" of HIV-1 I11 b , left overnight, washed (as above) and replated. After 24 h and a further wash in medium the cultures were cocultivated with C8166 cells (2 x 10 5 rnr ' in 5ml) and re-fed every 2-3 days. After 7 days supernatants were assayed for p24 antigen.
Dextrin sulphate and adherent cel/s
Cells, seeded at 5 x 10 5 per well in six-well plates, were incubated with 1:2500 Leu3a (ascites MRC ADP 336), 100fL9 ml" dextrin sulphate, or medium for 1hat 3rC before overnight infection with 10 4 to 10 5 TCID~o rnr ' of HIV-1 I11 b • Cells were washed (twice with PBS/2% FCS, once with trypsin/EDTA and once with medium), resuspended and divided into three. Semi-quantitative PCR was carried out on one third and of the other two, one was cultured for 7 days before determination of p24 in culture supernatants (Coulter EIA); the remaining cells were cocultivated with 2 x 10 5 C8166 cells mr' in 5ml of medium and monitored daily for the appearance of syncytia. After 7 days supernatants were sampled for p24 determination.
Semi-ouentitetive PCR
Trypsinized cell suspensions were washed with PBS and resuspended at 10 6 cells per 100 ul in PCR lysis buffer (1 0 mMTris-HCI (pH 8.3), 1mMEDTA, 0.5% tween-20, 0.5% Nonidet P40, 200fL9 rnr ' proteinase 1<). Lysates were incubated for 2h at 56°C followed by 10min at 85°C and stored at 20°C before use. Ten microlitres aliquots of these Iysates were amplified in a total reaction volume of 50 fLl containing 10 mMtris-HCI (pH 8.3),50 mM KCI, 1.4 mMMgCI 2 , 200 fLM dNTPs and HIV-1 gag specific primers ADP 816 (GGTACATCAGGCCATATCACC) and ADP 817 (ACCGGTCTAATAGTCTC) (Simmonds et al., 1990) . Thirty cycles of amplification were performed (94°C 30s, 55°C 30s and 72°C 1min). Denaturation time was extended to 1.5 min on the first cycle and synthesis time was extended to 7 min on the final cycle. PCR products were visually quantified on dot blots probed with 32p end labelled SK19 (ATCCTGGGATTAAATAAAATAGTAA-GAATGTATAGCCCTAC) (au et al., 1988) . 8E5/LAV cells (MRC ADP) containing one copy of provirus per cell were used to construct a standard curve by dilution with uninfected cells prior to DNA extraction. Semi-quantitative estimates of provirus copy number were obtained by visual comparison of signal intensities.
Potentiated action of soluble CD4 with dextrin sulphate
Two-fold dilutions of soluble recombinant CD4 (MRC ADP) were added to 2.5 x 10 3 TCID mr' of HIV-1 I11b to yield final concentrations of 6 to 0.2 fL9 mr ", The srCD4-virus mixture was incubated at 3rC for 1h. Two-fold dilutions of dextrin sulphate were added to 2.5 x 10 4 C8166 cells to yield final concentrations of 5-0.625 fL9 mr". The drug-cell mixture was incubated at 3rC for 1h. The srCD4-virus mixture was then added to the OS-cell mixture and incubated for a further 48-72 h, after which time the cultures were examined for syncytium formation.
